Federal Tier 3 motor vehicle emission and fuel sulfur standards have been promulgated in the United States to help attain air quality standards for ozone and PM 2.5 (particulate matter with an aerodynamic diameter <2.5 μm). The authors modeled a standard similar to Tier 3 (a hypothetical nationwide implementation of the California Low Emission Vehicle [LEV] III standards) and prior Tier 2 standards for on-road gasoline-fueled light-duty vehicles (gLDVs) to assess incremental air quality benefits in the United States (U.S.) and the relative contributions of gLDVs and other major source categories to ozone and PM 2.5 in 2030. Strengthening Tier 2 to a Tier 3-like (LEV III) standard reduces the summertime monthly mean of daily maximum 8-hr average (MDA8) ozone in the eastern U.S. by up to 1.5 ppb (or 2%) and the maximum MDA8 ozone by up to 3.4 ppb (or 3%). Reducing gasoline sulfur content from 30 to 10 ppm is responsible for up to 0.3 ppb of the improvement in the monthly mean ozone and up to 0.8 ppb of the improvement in maximum ozone. Across four major urban areas-Atlanta, Detroit, Philadelphia, and St. LouisgLDV contributions range from 5% to 9% and 3% to 6% of the summertime mean MDA8 ozone under Tier 2 and Tier 3, respectively, and from 7% to 11% and 3% to 7% of the maximum MDA8 ozone under Tier 2 and Tier 3, respectively. Monthly mean 24-hr PM 2.5 decreases by up to 0.5 μg/ m 3 (or 3%) in the eastern U.S. from Tier 2 to Tier 3, with about 0.1 μg/m 3 of the reduction due to the lower gasoline sulfur content. At the four urban areas under the Tier 3 program, gLDV emissions contribute 3.4-5.0% and 1.7-2.4% of the winter and summer mean 24-hr PM 2.5 , respectively, and 3.8-4.6% and 1.5-2.0% of the mean 24-hr PM 2.5 on days with elevated PM 2.5 in winter and summer, respectively.
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Introduction
The U.S. Environmental Protection Agency (EPA) has set new "Tier 3" vehicle emission standards for tailpipe and evaporative emissions from passenger cars, lightduty trucks, medium-duty passenger vehicles, and some heavy-duty vehicles and lowered the allowed sulfur content of gasoline to approximately 10 ppm, considering the vehicle and its fuel as an integrated system (EPA, 2014a). The Tier 3 standards are closely coordinated with California's Low Emission Vehicle (LEV III) standards. The primary aim of these standards is to improve ambient air quality, as emissions of volatile organic compounds (VOCs), nitrogen oxides (NO x ), and particulate matter (PM) from vehicles are often key precursors to ambient ozone (O 3 ) and fine particulate matter (aerodynamic diameter <2.5 μm; PM 2.5 ). The Tier 3 program is a successor to EPA's Tier 2 federal emissions program, finalized in 2000, and the earlier Tier 1 program.
It is useful to understand the ambient air quality benefits of the Tier 3 emissions program as well as the likely major contributors to the residual ambient O 3 and PM 2.5 concentrations after implementation of the program. In a prior modeling study (Vijayaraghavan et al., 2012) , we examined the incremental benefits of the Tier 1 and Tier 2 programs as well as nationwide adoption of a standard similar to the LEV III standards for on-road gasoline-fueled light-duty vehicles (gLDVs) for O 3 and PM 2.5 concentrations in the eastern United States (U.S.) in 2022. Gasoline sulfur was assumed to comply with a standard of 30 ppm sulfur except in California where the counties used lower sulfur, and the reductions in NO x , VOCs, and sulfur dioxide (SO 2 ) emissions due to gasoline sulfur reductions mandated by the LEV III standard were not considered. Another limitation of the prior study was the lack of complete phase-in of the LEV III standard by 2022, the basis year for comparing emission standards. The current study builds upon the prior work by considering a more reasonable lower gasoline sulfur content and its effect on emissions, and considers a year further in the future (2030) when greater (70%) penetration of the LEV III (i.e., Tier 3) vehicle fleet is expected to occur. We also assess the relative contributions of various anthropogenic emission source categories in the U.S. and sources outside the U.S. to O 3 and PM 2.5 concentrations in 2030.
We apply state-of-the-science emissions models and an advanced regional three-dimensional (3-D) photochemical air quality model, the Comprehensive Air Quality Model with Extensions (CAMx) (ENVIRON, 2011) , that simulates transport and dispersion, atmospheric chemical transformation, and deposition to the earth's surface of trace gases and aerosols, along with the CAMx O 3 Source Apportionment Technology (OSAT) (Yarwood et al., 1996; Dunker et al., 2002) and Particulate Source Apportionment Technology (PSAT) (Yarwood et al., 2005) for source apportionment. OSAT uses multiple tracer species to track the fate of ozone precursor emissions (VOC and NO x ) and the ozone formation caused by these emissions within a simulation (ENVIRON, 2011) . The tracers operate as spectators to the normal CAMx calculations so that the underlying CAMx predicted relationships between emission groups (sources) and ozone concentrations at specific locations are not perturbed. The tracers in the OSAT track the effects of chemical reaction, transport, diffusion, emissions, and deposition within CAMx and allow ozone formation from multiple "source groupings" to be tracked simultaneously, where the source grouping could be a region or source sector. Similarly, in PSAT, reactive tracers are added for each source category/region for primary PM and secondary PM and precursors. The OSAT and/or PSAT tools have been widely applied to estimate the contributions of multiple source areas and categories to O 3 and PM formation in the U.S., respectively (e.g., Wagstrom et al., 2008; Koo et al., 2009; EPA, 2010a; Collet et al., 2014b) . Here, we apply CAMx with these tools to estimate the incremental benefits of the different gLDV emissions and fuel programs in 2030 and to assess the contributions of gLDVs and other sources O 3 and primary and secondary PM in the eastern U.S. in 2030 in hypothetical scenarios with the Tier 2 standard and nationwide LEV III standards with 30 and 10 ppm gasoline sulfur.
Methods
Modeling domain and emissions scenarios
The air quality simulations are conducted with CAMx using on-road emissions inventories derived using the Motor Vehicle Emission Simulator (MOVES) (EPA, 2010b) and other model inputs as discussed below. We applied version 5.40 of CAMx with the Carbon Bond 5 (CB05) chemical mechanism and version 2010a of MOVES.
The geographic region studied here follows that in Vijayaraghavan et al. (2012) and includes part of the eastern U.S. with focus on 4 of 13 urban areas discussed in EPA's PM Risk Assessment analysis (EPA, 2010c). The four areas selected are Atlanta, Detroit, Philadelphia, and St. Louis. The CAMx modeling domain extends over the Continental U.S. (CONUS) at 36-km horizontal resolution, with an inner nested domain at 12-km resolution over part of the eastern U. S. including the four urban areas of interest (Figure 1) . The domain has a pressure-based vertical structure with 26 layers, with the model top at 145 mb or approximately 14 km above mean sea level.
The model performance of this CAMx configuration was previously evaluated for a 2008 baseline year (Vijayaraghavan et al., 2012) . The 2008 CAMx predictions of 1-hr and 8-hr average O 3 concentrations were compared with measurements in the Air Quality System (AQS) network (EPA, 2013) and the Clean Air Status and Trends Network (CASTNET; EPA, 2011a). Model predictions of PM 2.5 mass and components were compared with daily (24-hr) average measurements in the AQS and the Interagency Monitoring of Protected Visual Environments (IMPROVE, 1995) networks. Overall, model performance was good for O 3 in the eastern U.S., with mean normalized bias (MNB) for 8-hr O 3 ranging from 5.6% to 26.7% (depending on season and network) at over 500 monitoring stations, mean normalized error (MNE) ranging from 11.3% to 28.6%, and unpaired peak accuracy ranging from −11.9% to 28.4%, with some overprediction of summertime ozone. Model performance for 24-hr PM 2.5 was found comparable to previous studies (see Vijayaraghavan et al., 2012 , and references cited therein), with mean fractional bias (MFB) ranging from −3.4% to 49.6% at over 140 monitoring stations and mean fractional gross error (MFE) ranging from 32.8% to 54.7%. The bias and error for 24-hr PM 2.5 mass and components were within the model performance criteria of Boylan and Russell (2006) . More detailed information on the CAMx model performance evaluation may be found elsewhere (Vijayaraghavan et al., 2012) .
Three 2030 LDV scenarios are modeled here:
(1) 2030 Tier 2 with approximately 30 ppm gasoline sulfur (assume that only U.S. Tier 2 standards are implemented through 2030) (2) 2030 LEV III with approximately 30 ppm gasoline sulfur (assume that the California LEV III standard is adopted nationwide, i.e., similar to Tier 3 standard, but with 30 ppm sulfur) (3) 2030 LEV III with approximately 10 ppm gasoline sulfur (assume that the California LEV III standard is adopted nationwide, similar to Tier 3 standard with 10 ppm sulfur)
Emissions from all sources other than gLDVs are held constant across the three 2030 scenarios and calculated as described below. 2030 is chosen as the modeling year following EPA's selection of 2030 as the future year in its Regulatory Impacts Analysis for the Tier 3 rulemaking; 70% of the vehicle miles traveled in 2030 are from vehicles that meet the fully phased-in Tier 3 standards (EPA, 2014b) .
All simulations are conducted for a winter month (February) and summer month (July).
Meteorology
The air quality simulations with CAMx for the 2030 scenarios are driven by year 2008 meteorological fields from the Weather Research and Forecast (WRF) modelAdvanced Research WRF (ARW) core (Skamarock et al., 2008) . The WRF meteorological fields and performance evaluation are described elsewhere (Vijayaraghavan et al., 2012) . The year 2008 was selected due to the availability of meteorological fields from the EPA (R. Gilliam, EPA, personal communication, 2011) and the availability of emissions from the National Emissions Inventory (NEI) used for the model performance evaluation in the prior study. The uncertainty associated with the choice of meteorological year is discussed later.
On-road motor vehicle emissions
The group of vehicle types collectively referred to as gLDVs includes three categories:
(1) Light-duty gasoline vehicles (LDGV) (2) Light-duty gasoline trucks weighing less than 6000 lbs (LDGT1) (3) Light-duty gasoline trucks weighing between 6001 and 8500 lbs (LDGT2)
The Tier 2 program instituted gasoline sulfur and vehicle emission standards for nonmethane organic gases (NMOG), carbon monoxide (CO), emission standards for the Tier 2 program, the California LEV III standards and the Federal Tier 3 program for gLDVs are shown in Tables 1, 2 and 3. The phase-in schedule for Tier 3 PM standards is shown in Table S1 .1 (Supplemental Material). The main difference between the LEV III and Tier 3 standards is that the LEV III regulates PM down to a 1 mg/ mi standard, whereas Tier 3 regulates it down to 3 mg/ mi only. Thus, the current study, which applies the LEV III standard on a nationwide basis, simulates greater PM reduction than the Federal Tier 3 standard.
MOVES 2010a is used to prepare on-road emissions inventories in the CONUS for the three 2030 emissions scenarios. MOVES is run for calendar year 2030 for vehicle aged 0-30 to develop on-road vehicle emissions for each scenario.
The The 2010a version of MOVES includes the effect of low-sulfur gasoline (below 30 ppm) on exhaust emissions, but adjusts emissions via extrapolation from 30 ppm gasoline sulfur data collected from vehicles less modern than Tier 2. For this study, we improve upon the MOVES method by modeling the gasoline fuel sulfur effect using the California Predictive Model (California Air Resources Board, 2012) . Exhaust emissions ratios from gasoline LDVs operating on~10 ppm sulfur gasoline over~30 ppm sulfur gasoline are used to adjust the emissions from the LEV III with~30 ppm sulfur gasoline scenario to generate the LEV III with 10 ppm sulfur gasoline scenario. The low-sulfur gasoline effects on emissions are estimated not only for gLDVs but all gasoline-fueled vehicle classes, including motorcycles and heavy-duty gasoline vehicles. Detailed information on the calculation of the on-road emissions in the three 2030 scenarios is provided in Supplemental Material (Section S2). A comparison of the on-road emissions results from the current study with those of the EPA Tier 3 rulemaking analysis for 2030 is also presented in Supplemental Material (Section S3).
CAMx-ready emissions are prepared from MOVES outputs following methods described earlier (Vijayaraghavan et al., 2012) . The on-road emissions for winter and summer from MOVES for the three emissions scenarios are speciated to CAMx model species, spatially allocated to grid cells, and temporally allocated to hourly emissions using version 2.7 of the Table 1 . Light-duty gasoline-vehicle exhaust emission standardsa,b (g/mi at 10 years/100,000 miles Sparse Matrix Operator Kernel Emissions (SMOKE) model (http://cmascenter.org/smoke). Emission estimates for total VOC are converted to the CB05 chemical mechanism in CAMx using VOC speciation profiles derived from EPA's SPECIATE database, version 4.3 (EPA, 2011b). PM emissions are speciated to primary organic aerosol, primary elemental carbon, primary nitrate, primary sulfate, primary fine other PM, and coarse PM following methods outlined by Baek and DenBleyker (2010) . On-road mobile sources generated using MOVES at the county level are allocated to CAMx 36-km and 12-km grid cells using spatial surrogates derived with the Spatial Surrogate Tool (http:// www.epa.gov/ttn/chief/emch/spatial/spatialsurrogate. html).
Other emissions
Emissions from anthropogenic area and point sources in the CONUS other than on-road emissions for the 2030 emissions scenarios are compiled from the EPA 2030 inventory developed for the modeling analysis of the Heavy Duty Vehicle Green House Gas (HDGHG) Rule with emissions projected by EPA from 2005 data (EPA, 2011c). The source sectors obtained from the 2030 HDGHG inventory include fugitive dust, agricultural, nonpoint, electric generating units (EGUs), point sources other than EGUs, aircraft, locomotives, commercial marine vehicles, and nonroad sources. We used the projections by EPA for 2020 for anthropogenic area and point emissions for Canada and Mexico (EPA, 2010e) because these sources are not projected to 2030 in the EPA 2030 HDGHG modeling platform. The model simulations applied biogenic emissions of CO, nitric oxide, isoprene, and other VOCs, wildfire emissions of CO, NO x , VOCs, sulfur dioxide (SO 2 ), ammonia (NH 3 ), and PM and sea salt emissions of particulate sodium, chloride, and sulfate developed previously (Vijayaraghavan et al., 2012) across the CAMx 36-km domain and are held constant across the emissions scenarios. All emissions inventories described above are converted to speciated, gridded, temporally varying emissions files suitable for air quality modeling with CAMx in the nested 36/12-km domains and are held constant across the three 2030 scenarios.
Other model inputs
Boundary concentrations of O 3 , PM components and precursors, landuse/landcover data, and photolysis rates were obtained from the prior study (Vijayaraghavan et al., 2012) . Six-hourly model outputs in a latitude-longitude coordinate system with a spatial resolution of about 2.8°for both latitude and longitude and 28 vertical layers were mapped onto the CAMx domain and speciated for the CB05 chemical mechanism.
Emission sources and other categories for source attribution
Tracers are added in the OSAT tool in CAMx to track O 3 formation from O 3 precursors from the source categories shown in Table 4 . These include anthropogenic and natural sources in the U.S., sources in Canada and Mexico, as well as the contribution of sources outside North America through boundary conditions for the 36-km grid resolution domain, referred to here as the North American background. The PSAT algorithm is similarly applied to track PM and precursors from these source categories.
Results and discussion
Emissions
In general, the gLDV emissions of VOC, NO x , PM 2.5 , CO, and SO 2 respond similarly in the four urban areas to the shift from Tier 2 to adoption of the LEV III standards and lower sulfur gasoline (Tables 5 and 6 ). However, the emission benefits are most pronounced in Detroit. The emission reductions from adopting LEV III emission standards with 10 ppm sulfur gasoline (i.e., percent change from Tier 2 to LEV III with 10 ppm S) are larger on a relative basis in Detroit than the other cities and the national total because Detroit's gasoline LDV fleet is modeled using a younger fleet age distribution, resulting in LEV III vehicles making up a larger portion of the LDV fleet (i.e., it has more LDVs of the newer model years, including those that are affected by LEV III [2015+] than the fleets from other cities).
When considering emissions from all on-road vehicles for an average winter and summer day (Tables 7 and 8) , the NO x benefit in Detroit due to the Tier 3-like standards is not distinctly larger than in the other areas because NO x emissions from heavy-duty vehicles are not reduced in the LEV III scenario in any of the urban areas.
If emission standards and gasoline sulfur regulations were to remain at the Tier 2 level with 30 ppm sulfur, the average 2030 VOC emissions from gLDVs during winter are approximately 1,900 Mg per day and slightly higher in summer. The adoption of more stringent LEV III emission controls with 30 ppm sulfur gasoline reduces the total on-road VOC emissions in the CONUS by 28% in both summer and winter relative to the Tier 2 case. The additional VOC benefit of switching to~10 ppm sulfur gasoline (i.e., a standard similar to Tier 3) is 1%. The total CONUS NO x emissions from gLDVs in Tier 2 with~30 ppm sulfur gasoline are approximately 2,000 Mg per day on an average winter day and slightly higher in summer. The nationwide adoption of LEV III with~30 ppm sulfur gasoline is estimated to reduce CONUS total on-road NO x by 15%, and the reduction in gasoline sulfur to a 10 ppm standard reduces NO x by another 4%. The total NO x reduction is 19%, comparing the most stringent scenario (LEV III with 10 ppm sulfur standard gasoline) with the Tier 2 scenario. NO x emissions are higher in summer because higher running exhaust in summer more than compensate for higher cold start emissions in winter; more vehicle miles traveled (VMT) in summer results in more fuel consumed and higher NO x exhaust emissions. In particular, Atlanta has the highest LDV emissions of NO x , VOC, and PM 2.5 among the urban areas in summer due to a combination of higher ambient temperatures and higher VMT. SO 2 is higher in summer in all urban areas due to higher VMT. CO is higher in winter due to more frequent cold starts resulting from lower temperatures. Also, the higher average temperatures in summer result in more air-conditioning in vehicles, and that is accounted for in MOVES. The use of airconditioning systems increases VOCs, CO, and NO x emissions, but cold starts affect primarily CO (and VOCs to a lesser extent). PM 2.5 emissions from gLDVs in the Tier 2 scenario are 74% higher for the average winter day compared with summer due to cold temperature effects on gasoline-vehicle PM exhaust. The gLDVs accounted for 78% and 66% of the total on-road PM 2.5 emissions during winter and summer, respectively. However, the on-road PM 2.5 emissions represent a very small fraction of total anthropogenic PM 2.5 inventory (see below). Compared with the Tier 2 scenario, the LEV III with~10 ppm sulfur case reduces the gasoline LDV PM 2.5 emissions by 35% in winter and 24% in summer, and the CONUS total on-road PM 2.5 emissions by 27% and 16% in winter and summer, respectively. The on-road fraction of the anthropogenic inventory varies considerably across pollutants; it is highest for CO (28-49%), lower for VOCs (7%), and negligible for SO 2 (0.2%). CO emissions are dominated by on-road vehicles in winter but by off-road sources in summer (48% of total CO inventory). The doubling of off-road CO emissions from winter to summer is due to the sharp increase in usage in summer of the major nonroad emission sources: lawn and garden equipment and commercial equipment. Due to their slow reactivity, CO emissions have a much smaller effect on O 3 concentrations than NO x or VOC emissions. NH 3 emissions from gLDVs constitute a large fraction (85%) of total on-road emissions but represent a very small fraction (2%) of the total anthropogenic inventory due to the dominance of other sources such as livestock farming. Although primary PM 2.5 emissions from vehicles can directly affect ambient PM 2.5 , these represent a very small fraction (2-3%) of the total anthropogenic inventory; there is a much larger PM contribution from stationary sources, road dust, wood-burning, and other sources.
Ambient air quality
If LDV emission standards in 2030 were no more stringent than the Tier 2 standard, the summertime monthly mean of the MDA8 O 3 could be as high as 76 ppb over the eastern U.S. (near Washington, DC), with values exceeding 60 ppb in large parts of the eastern U.S. and the New York/New Jersey/Washington, DC, corridor experiencing more than 70 ppb (Figure 3) . When considering the entire CONUS, the monthly mean goes up to 88 ppb, with the highest value predicted in the Los Angeles basin. The incremental benefits of the nationwide LEV III standards are examined by difference with the Tier 2 scenario (Figure 3 ; here "LEVIII" denotes the 30 ppm scenario and "LEVIIISulfur" denotes the 10 ppm scenario). Strengthening the Tier 2 standard to the Tier 3-like standard (LEV III with 10 ppm sulfur limit) results in ppb in large parts of the eastern U.S., including Connecticut, Maryland, Pennsylvania, New Jersey, and New York City). Concentrations exceeding 75 ppb were also modeled by Collet et al. (2014a) in comparable regions in the eastern U.S. in a 2030 modeling study with a different air quality model, the Community Multiscale Air Quality Model (CMAQ). We find that the maximum reduction in the monthly maximum of MDA8 O 3 in the eastern U.S. is 2.8 ppb (or 2.7% from a concentration of 105 ppb near Washington, DC) from Tier 2 to the LEV III scenario with 30 ppm sulfur and by up to an additional 0.6 ppb (a 3.3% overall reduction from Tier 2) with the lower 10 ppm limit.
Wintertime monthly mean concentrations of PM 2.5 mass in the 2030 Tier 2 scenario exceed 15 μg/m 3 (the annual mean standard for PM 2.5 ) in large parts of the Upper Midwest, Georgia, North Carolina, and the Northeast ( Figure 5 ). The monthly mean decreases by up to 0.4 μg/m 3 (a 2.7% reduction) in the LEV III 30 ppm scenario and by less than 0.1 μg/m 3 additionally (a 3.3% overall reduction from Tier 2) with the lower 10 ppm standard (Figure S5 .2). Reductions in PM 2.5 concentrations between the Tier 2 and LEV III scenarios are generally lower in summer (Figure 6 ) than winter, a maximum improvement of 0.2 μg/m 3 in winter versus 0.4 μg/m 3 in winter. This is likely due, in part, to less formation of PM nitrate from NO x emissions in summer due to enhanced volatilization from the particulate phase (Vijayaraghavan et al., 2012) . The exceptionally high summertime PM 2.5 concentrations predicted in northern California (>100 μg/m 3 ) are due to emissions from extreme wildfire events in this region. Improvements in PM 2.5 are negligible in switching from 30 to 10 ppm sulfur except for some small reductions (0.04 μg/m 3 ) in the Northeast (Figure S5. 3). Ozone and PM 2.5 source apportionment
The OSAT tool in CAMx is used to track the ozone contribution from different emission groups with emphasis on the gLDVs. The summertime gLDV contributions to the monthly averaged MDA8 O 3 in 2030 under the Tier 2 program are highest in New York City, Atlanta, and Washington, DC, each averaging approximately 6 ppb O 3 (Figure 7) , or approximately 9.4% ( Figure S5 .4). The LEV III program with 30 ppm sulfur results in reductions in gLDV contributions of approximately 1.8 ppb in the regions with the highest contributions in Tier 2. Additional reductions in the gLDV contribution with a 10 ppm sulfur limit are much smaller, less than 0.4 ppb throughout the domain. Overall, gLDVs in the LEV III scenario with 10 ppm sulfur contribute less than 5.5% to the monthly averaged MDA8 O 3 in most of the eastern U.S.
( Figure S5 .4), with the peak contribution of 6.1% near Atlanta. Ozone attainment will likely be influenced more by emission source contributions on days with elevated ozone concentrations. When considering the monthly highest MDA8 O 3 , gLDV contributions range from 0 to 5 ppb across most of the eastern U.S. (Figure 8) , with a peak absolute contribution of 7.9 ppb near Washington, DC, and a peak relative contribution of 10% (not shown) near Raleigh in North Carolina. Figure 9 presents the relative contributions from the eight emission categories (listed in Table 4 ) and the North American background (boundary conditions) to the summertime monthly mean of MDA8 O 3 in Atlanta and Detroit in 2030. Similar plots are shown in Figure S5 .5 for Philadelphia and St. Louis. Under the Tier 2 scenario, gLDVs are predicted to contribute 5 to 6% of the summertime mean MDA8 O 3 in Detroit, Philadelphia, and St. Louis, with the contribution higher in Atlanta at 9%. Under the Tier 3-like standard (the LEV III scenario with 10 ppm sulfur), the on-road LDV contributions to summertime mean MDA8 O 3 are reduced to 3-6%, whereas the North American background contributes 28-39% to the summertime mean O 3 across these four urban areas (or approximately 19-20 ppb in each area). The contribution of gLDVs to the monthly highest MDA8 O 3 (Figures 10 and S5 .6) ranges from 6% to 11% under Tier 2 at the four urban areas. The Tier 3 emissions and fuel sulfur standards are effective in reducing the gLDV contribution to 3-7% of the highest MDA8 O 3 across these four areas. Interestingly, the share of the North American background to O 3 at Detroit drops from 39% to 19% when considering the day with highest ozone in July rather than the monthly mean, with that share picked up now by non-EGU point sources, EGUs, and natural sources.
The gLDV contribution to monthly mean PM 2.5 is higher in February than in July (Figures 11 and S5 .7) in all three scenarios due, in part, to higher gLDV primary PM 2.5 emissions arising from colder temperatures in winter. Under the Tier 2 scenario, the wintertime gLDV contributions are highest in urban areas in the upper Midwest and between Washington, DC, and New York City, with a peak contribution of 1.7 μg/m 3 (or 9% of the total PM 2.5 ). LDV contributions in the southeastern U.S. are generally smaller than in the Northeast. The wintertime gLDV contribution is lower by between 0.3 and 0.4 μg/m 3 in the LEV III 30 ppm scenario compared with the Tier 2 scenario in and S5.9. Area source emissions (i.e., nonpoint sources) are the largest contributor to monthly averaged PM 2.5 in both winter and summer in all four urban areas in both scenarios, constituting 29-45% of the total PM 2.5 , followed by non-EGU point sources in Detroit, Philadelphia, and St. Louis. Natural sources contribute over a third to mean summertime PM 2.5 in Atlanta, likely reflecting the influence of biogenic emissions in the region. On-road gLDVs account for 5-7% of the total PM 2.5 in February under Tier 2 controls, with the highest relative contribution in Detroit. As explained above, Detroit experiences a larger percent reduction in emissions from Tier 2 to LEV III compared with other three urban areas. LEV III controls with 30 ppm sulfur reduced the LDV impact by 2% in Detroit and 1% elsewhere from Tier 2 controls. Lowering the gasoline sulfur to 10 ppm offered little additional improvement for PM 2.5 . In July, area, other, and non-EGU point sources are the largest contributors to PM 2.5 at these four cities. LDV contributions amounted to 2-3% of the total PM 2.5 under Tier 2 controls, and 2% under the LEV III scenarios at all four sites.
To investigate whether gLDVs have a larger contribution to days with elevated PM 2.5 than the monthly mean PM 2.5 , we identified days with higher PM 2.5 (defined here as those with 24-hr PM 2.5 exceeding 15 μg/m 3 ) and calculated average contributions from each source sector across those days. The threshold of 15 μg/ m 3 is somewhat arbitrary and is chosen to account roughly for the top 20-30% of days in each month for 24-hr PM 2.5 . The results of this source apportionment at the four urban areas are presented in Figures 14, 15 , S5.10, and S5.11. When considering days with elevated PM 2.5 only, the relative contribution of gLDVs to 24-hr PM 2.5 in winter and summer in the four urban areas ranges from 2% to 7% under Tier 2 and reducing to 1-5% under the Tier 3-like standard, and in both cases about 0.2% higher than when considering just the monthly mean PM 2.5 . Area source emissions continue to be the dominant contributor to PM 2.5 in all four areas. A synopsis of the gLDV contributions to elevated ozone and PM 2.5 under the Tier 3-like standard in presented in Table 9 .
In summary, emissions from gLDVs contribute up to 6.1% to summertime monthly averaged MDA8 O 3 in the eastern U.S. following the nationwide implementation of a LEV III program with 10 ppm gasoline sulfur content similar to the Tier 3 standards, decreasing from 9.4% under the previous federal Tier 2 program. The North American background (global background concentrations) could constitute up to a third or more of U.S. ozone. PM precursor emissions from gLDVs in the eastern U.S. contribute up to 6.8% and 3.6% to winter and summer mean PM 2.5 , respectively, under Tier 3-like standards, decreasing from 9.1% and 4.3%, respectively, under Tier 2, with area source emissions typically contributing over 30% in both programs. At the four urban areas of Atlanta, Detroit, Philadelphia, and St. Louis, gLDV emissions are responsible for up to 5.8% of the mean summertime MDA8 ozone and up to 5.0% of winter/summer mean 24-hr PM 2.5 concentrations under the Tier 3 program. When considering only days with higher O 3 and PM 2.5 concentrations under the Tier 3-like standards, gLDVs contribute up to 6.9% of summertime maximum MDA8 ozone and up to 4.6% to elevated winter/summer 24-hr PM 2.5 concentrations across these four areas. Thus, although gLDVs have a slightly (1%) higher contribution to peak O 3 compared with the monthly average, their relative contribution to PM 2.5 is lower when considering days with higher PM 2.5 instead of the monthly average, suggesting that those days are influenced more by other sources.
There is uncertainty in ozone and PM predictions associated with the choice of 2008 as the meteorological year. Weather-adjusted trend analyses of ambient concentrations in the U.S. by EPA (2015) shows that 2008 -5 in EPA, 2015) . Thus, applying ambient air temperature and other meteorological fields from the former set of years would have likely resulted in greater local anthropogenic contributions (including those from on-road mobile sources) to ozone formation, whereas the converse would be true if meteorology from the latter set of years had been applied in modeling. Similarly, the choice of meteorological year also affects the prediction of the relative contributions of PM, in particular, that of secondary PM from local precursor sources of VOCs and NO x such as on-road LDVs. The CAMx OSAT and PSAT techniques provide a useful means to explore relative source contributions to ambient ozone and PM 2.5 concentrations. The application of these techniques here enables the estimation of the contribution of gasoline-fueled LDVs to residual ambient air pollution in the U.S. in 2030 following the implementation of the Tier 3 emissions and fuel sulfur standards.
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